Context: A single talocrural joint-mobilization treatment has improved spatiotemporal measures of postural control but not ankle arthrokinematics in individuals with chronic ankle instability (CAI). However, the effects of multiple treatment sessions on these aspects of function have not been investigated. Objective: To examine the effect of a 2-wk anterior-to-posterior joint-mobilization intervention on instrumented measures of single-limb-stance static postural control and ankle arthrokinematics in adults with CAI. Design: Repeated measures. Setting: Research laboratory. Participants: 12 individuals with CAI (6 male, 6 female; age 27.4 ± 4.3 y, height 175.4 ± 9.78 cm, mass 78.4 ± 11.0 kg). Intervention: Subjects received 6 treatments sessions of talocrural grade II joint traction and grade III anterior-to-posterior joint mobilization over 2 wk. Main Outcome Measures: Instrumented measures of single-limb-stance static postural control (eyes open and closed) and anterior and posterior talar displacement and stiffness were assessed 1 wk before the intervention (baseline), before the first treatment (preintervention), 24-48 h after the final treatment (postintervention), and 1 wk later (1-wk follow-up). Postural control was analyzed as center-of-pressure velocity, center-of-pressure range, the mean of time-to-boundary minima, and standard deviation of time-to-boundary minima in the anteroposterior and mediolateral directions for each visual condition. Results: No significant differences were identified in any measures of postural control (P > .08) or ankle arthrokinematics (P > .21). Conclusions: The 2-wk talocrural joint-mobilization intervention did not alter instrumented measures of single-limb-stance postural control or ankle arthrokinematics. Despite the absence of change in these measures, this study continues to clarify the role of talocrural joint mobilization as a rehabilitation strategy for patients with CAI.
Chronic ankle instability (CAI) is a common repercussion of acute ankle sprain characterized by repeated additional ankle sprains, the recurrent sensation of the ankle "giving way," and self-reported disability. 1, 2 It is estimated that 23,000 people sustain an ankle sprain daily in the United States, with up to 70% of these individuals experiencing residual symptoms for over 2 years. 3, 4 The abundance of ankle sprains sustained by those in the physically active and general populations, coupled with the high percentage of individuals who develop CAI, substantiates the need to identify effective interventions that address the common mechanical and functional impairments associated with this health condition. 2, 3 While CAI is a multifaceted clinical phenomenon with a myriad of contributing factors, one of the most extensively examined impairments is sensorimotor alterations associated with postural control. 2, 5, 6 Consequently, deficits in single-limb balance have been well defined in those with CAI based on the results of systematic reviews with meta-analysis. 5, 6 Therefore, it is established that CAI is a common health condition associated with sensorimotor alterations in postural control.
CAI-related deficits in postural control are thought to be attributed to alterations in sensory input that accompany damage to ligamentous and capsular tissues along with changes in joint arthrokinematics. 2 It has been hypothesized that partial deafferentation of the mechanoreceptors located in noncontractile tissues surrounding the ankle may accompany damage or distension to these structures. 2, 7, 8 This has been supported through a recent investigation in which investigators experimentally injected a local anesthetic into the lateral ligament complex and observed a decline in instrumented measures of single-limb-stance postural control. 9 In addition to partial deafferentation of articular mechanoreceptors from acute trauma, the feedback transmitted to the central nervous system from articular mechanoreceptors may also be influenced by degenerative alterations in ankle arthrokinematics. 8 Individuals with CAI have exhibited several changes in ankle arthrokinematics. Among these are included a positional fault in which the talus is anteriorly positioned in respect to the ankle mortise. 10 Also, individuals with a history of ankle sprain have displayed restrictions in the noncontractile tissues in the posterior ankle resulting in reduced posterior talar glide. [11] [12] [13] While it is unclear if positional changes in the talus and restrictions in the noncontractile tissues permitting posterior talar glide are related, these impairments are thought to ultimately decrease dorsiflexion range of motion (ROM). Furthermore, these arthrokinematic alterations may disrupt the transmission of afferent information specifically relating to joint rotation and the tracking of articular surfaces. 8 This suggests that the disruption of sensory input from the periphery may be due to impairments in noncontractile tissues and mechanical joint changes that can ultimately influence sensorimotor function. 14 Several manual-therapy interventions including joint mobilization have been examined to address the mechanical alterations associated with CAI. 13, [15] [16] [17] For those with CAI, joint-mobilization interventions at the talocrural joint typically focus on gliding the talus posteriorly in the ankle mortise to increase dorsiflexion ROM. 18 This type of mobilization has increased ankle dorsiflexion ROM in both a single session and after multiple sessions; however, it is not clear if changes in dorsiflexion ROM correspond to changes in arthrokinematics. 13, 15, 16 Also, while joint mobilization is typically used to improve ROM by increasing the extensibility of noncontractile tissues, it is also speculated that this intervention can stimulate articular mechanoreceptors, which may enhance sensorimotor function. 18 Those with CAI have demonstrated a facilitation in soleus motoneuron-pool excitability after tibiofibular mobilization 17 and improved time-to-boundary (TTB) postural control after talocrural mobilization. 15 In both studies, 15, 17 these effects were captured immediately after a single joint-mobilization treatment with no follow-up beyond a single session. In addition, Beazell et al 19 determined that multiple tibiofibular-joint mobilizations applied once per week over 3 weeks (4 treatments) did not result in changes in lateral step-down or modified Balance Error Scoring System outcomes in those with CAI. Despite the limited treatment and follow-up, these investigations advocate for further study of enhancing sensorimotor function through joint mobilization. Whether a series of talocrural-joint mobilizations across multiple treatment sessions results in lasting changes in ankle arthrokinematics or the sensorimotor system remains unknown.
Examining the effect of multiple joint-mobilization treatments on mechanical and sensorimotor function may further elucidate the implications for incorporating this intervention into rehabilitation for CAI. Therefore, the purpose of this study was to examine the effect of a 2-week talocrural joint-mobilization intervention on instrumented measures of single-limb-stance postural control and ankle arthrokinematics in those with CAI. In a concurrent study, 16 improvements were identified in clinician-and patient-oriented measures of function including dorsiflexion ROM, clinical measures of dynamic postural control, and self-reported function. We hypothesized that the joint-mobilization intervention would also have positive effects on laboratory-oriented measures of function, including instrumented measures of postural control and ankle arthrokinematics.
Methods

Design
This investigation is part of a larger study with multiple variables examining the effects of joint mobilization on individuals with CAI. 16 The independent variable was time (baseline, preintervention, postintervention, 1-week follow-up). In this study, the dependent variables were the mean of TTB minima in the anteroposterior (TTBAP) and the mediolateral directions (TTBML), the standard deviation of TTB minima in TTBAP and TTBML, mean velocity of center-of-pressure (COP) excursions in the AP and ML directions, and range of COP excursions in the AP and ML directions. Postural-control variables were assessed in both eyes-open and eyes-closed conditions. In addition, anterior and posterior talar displacement and stiffness were assessed to examine changes in ankle arthrokinematics. Instrumented measures of postural control and ankle arthrometry were included in the counterbalancing sequence described in a concurrent report. 16 Subjects reported to the research laboratory for 4 separate data-collection sessions and 6 joint-mobilization treatments over 4 weeks.
Subjects
A power analysis was conducted based on static posturalcontrol (eyes open, TTBAP mean minima) data from a previous study 15 that indicated that 7 subjects would be required to achieve a statistical power of .8 at a significance level of .05. Therefore, 12 subjects with CAI (6 male, 6 female; age 27.4 ± 4.3 y, height 175.4 ± 9.78 cm, mass 78.4 ± 11.0 kg) were included to account for potential 20% drop-out. Subjects were recruited using advertisements posted throughout a large university over a 4-month period. To be included in the study subjects reported a history of at least 1 ankle sprain. In addition, subjects had to report at least 2 episodes of giving way within the past 3 months. This was quantified by answering "yes" to question 1 and for a total of at least 4 questions on the Ankle Instability Instrument. 20 Subjects also had to report functional loss as a result of their ankle-sprain history by reporting disability scores of ≤90% on the Foot and Ankle Ability Measure (FAAM) Activities of Daily Living (ADL) Scale and a score of ≤80% on the FAAM Sport Scale. 21, 22 In the event that subjects reported a bilateral history of ankle sprains, the limb with the greatest reported functional loss on the FAAM was included in the study. Subjects reported an average of 5.3 ± 5.5 total ankle sprains. The average number of episodes of giving way over the previous 3 months was 8.4 ± 7.4. Exclusion criteria consisted of the subject reporting an acute ankle sprain within the past 6 weeks, a previous history of lower-extremity surgeries or fracture, other lower-extremity injuries within the past 6 months that resulted in time lost or modification of normal function for at least 1 day, and other health conditions known to affect balance. Before participation, all subjects provided written informed consent in compliance with the institutional review board.
Instrumentation
Static postural control was assessed with the AccuSway Plus force plate (AMTI, Watertown, MA, USA). COP data were sampled at 50 Hz. Instrumented measurements of anterior and posterior talar displacement and stiffness were performed using a Hollis ankle arthrometer (Blue Bay Research Inc, Navarre, FL, USA).
Testing Procedures
After being included in the study, subjects participated in the first data-collection session (baseline). After the baseline session, subjects were instructed to maintain normal physical activity and activities of daily living and report back to the laboratory in 1 week for the second data-collection session (preintervention). Immediately after the preintervention session, subjects received their first joint-mobilization treatment and returned to the laboratory for 5 additional joint-mobilization treatments over the next 2 weeks. Subject underwent the third data-collection session (postintervention) within 24 to 48 hours after the final joint-mobilization treatment. After the postintervention session, 1-week follow-up data were collected. During each data-collection session single-limb-stance static postural control and ankle arthrokinematics were assessed.
All postural-control measures were collected with subjects barefoot using previously described protocols. 15, 21 Subjects performed 1 practice trial and 3 analysis trials of single-limb stance on the involved limb with eyes open and eyes closed on a force plate for 10 seconds. Before testing, each subject's foot width and length were measured in centimeters and used to center the foot on the force plate. Subjects were instructed to remain as still as possible with their arms folded across their chest and the uninvolved limb positioned at 45° of knee flexion and 30° of hip flexion. If the subjects touched down with the suspended limb, opened their eyes during eyes-closed testing, or were unable to maintain the standing posture for the 10-second duration, the trial was discarded and repeated.
Subjects underwent 3 trials of instrumented arthrometry for anterior and posterior talar displacement based on a previously established protocol. 23 For this investigation, anterior and posterior displacement and stiffness were examined independently instead of as a continuous motion to identify unique changes that may occur in each direction. With subjects in a supine position, the knee in full extension, and the ankle in a neutral position, anteriorly directed forces of 125 N and posteriorly directed forces of 170 N were applied to the involved ankle for all subjects. 23 Force application and translation of the talus/subtalar joint were captured using a custom LabView software program (National Instruments Corp, Austin, TX, USA). The same investigator assessed ankle arthrokinematics in all data-collection sessions. A report using a similar protocol found that measuring anterior and posterior displacement was associated with high intratester reliability with ICCs ³.83. 24 
Joint-Mobilization Intervention
The joint-mobilization intervention consisted of 6 separate visits to the laboratory in which each subject received two 2-minute sets of Maitland Grade II talocrural joint traction and four 2-minute sets of Maitland grade III talocrural joint mobilization with 1 minute of rest between sets. Traction was applied to increase the joint space between the talus and ankle mortise to facilitate talar glide during the anterior-to-posterior joint mobilizations. The joint-mobilization technique consisted of stabilizing the distal tibia and fibula and mobilizing the talus in an anterior-to-posterior direction in accordance with a previously established protocol. 15 The joint mobilization was operationally defined as large-amplitude, 1-second rhythmic oscillations from the joint's midrange to end range with translation taken to tissue resistance. 15, 23 Joint traction was applied at the beginning and maintained during each set of joint mobilization. Treatment compliance was 100% for all 12 subjects. Subjects received an average of 208 ± 13 oscillations during each session. A grade III joint mobilization was selected to increase the posterior capsular endpoint and provide stimulation of articular mechanoreceptors from oscillations that span the length of the available accessory motion. All joint-mobilization treatments were conducted by the same athletic trainer with 5 years of experience.
Data Reduction
TTB and traditional COP variables were computed based on the previously described methods of McKeon et al 21 using a custom-written Matlab code (Version R2009b, MathWorks Inc, Natick, MA, USA). For both TTB and traditional COP measures, COP data were separated into the AP and ML directions. To calculate TTB, each subject's foot was modeled as a rectangle by measuring the length and width to create the boundaries of the base of support. Mean of TTB minima is measured in seconds and provides an estimate of the average amount of time a person has to make postural corrections. Standard deviation of TTB minima represents the number of solutions used to maintain single-limb stance based on the boundaries of the base of support for each individual. Higher mean of TTB minima values are thought to be beneficial, as they would indicate that on average a greater amount of time is available to make postural corrections. 21 Higher SD of TTB minima values are also thought to be beneficial, as they would indicate that more solutions were used to maintain single-limb stance, representing a less constrained sensorimotor system. 21 The mean velocity of COP excursions is a temporal measure that represents the total COP excursion length in centimeters divided by the 10-second trial time. The range of COP excursions is a spatial measure that represents the distance between the minimum and the maximum COP positions. Lower COP velocity and COP ranges are interpreted as indicating better postural control. 21 The
For instrumented measures of ankle arthrokinematics, maximal displacement and stiffness were calculated for the anterior and posterior directions. Anterior and posterior displacement were considered the displacement at the instant of maximal force. Anterior and posterior stiffness were determined by calculating the slope of the force-displacement relationship. All arthrometry variables were computed using a custom-written Matlab code (Version R2009b, MathWorks Inc, Natick, MA, USA). The mean of 3 trials for each subject was used for analysis.
Minimal-Detectable-Change Scores
Because no control group was used in this study, minimal-detectable-change (MDC) scores were calculated to determine the minimal change required within our dependent variables to achieve changes beyond the error of the measurements. MDC scores were determined using intersession reliability (intraclass correlation coefficient, ICC 2,1 ) and standard error (SE) of measurement 25, 26 from the data collected during the baseline and preintervention sessions. MDC scores were calculated using the following formula: SE of measurement times the square root of 2. 25, 26 Each MDC score is provided next to the respective dependent variable in Tables 1-3 . Tables 4, 5 , and 6, respectively. No significant time effects were detected for any measures (P > .05).
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Discussion
The main finding of this study was that no changes occurred in laboratory-oriented measures of single-limbstance postural control or ankle arthrokinematics after a 2-week joint-mobilization intervention in individuals with CAI. However, the absence of significant change in TTB measures in this study combined with changes found in a previous investigation 15 provides insight into potential mechanisms by which the sensorimotor system utilizes changes at the ankle joint through joint mobilization. Previous investigators 15 have identified enhancements in TTB but no statistically significant changes in posterior talar glide directly after a single joint-mobilization treatment session. 23 The results of this experiment, which examined effects at least 24 hours after the last treatment, indicate that improvements in postural control may be limited to a window of time less than 24 hours after joint mobilization. Furthermore, arthrokinematic changes after joint mobilization remain unclear. Despite the absence of statistically significant changes in static postural control and ankle arthrokinematics in this investigation, the role of joint mobilization in CAI rehabilitation remains to be elucidated. We hypothesized that the joint-mobilization intervention would result in significant improvements in TTB single-limb-stance postural control by stimulating sensory receptors in the noncontractile structures surrounding the talocrural joint. While the current study did not identify improvements in any instrumented measures of static postural control, it cannot be determined if the intervention created immediate effects because postural control was not evaluated in the same time frame as the previous study. 15 Therefore, it seems that the ability of joint mobilization to enhance static postural control may be isolated to a limited time window immediately after treatment application. Using joint mobilization before other interventions (balance or resistance training) may allow patients to capitalize on potential sensorimotor enhancements such as increased balance and muscle activation. 15, 17 Future studies should further investigate the time frame in which joint mobilization may elicit changes in sensorimotor function and how this treatment may be best incorporated into a rehabilitation session.
To elicit lasting changes in sensorimotor function, the individual may need to experience systematic, purposeful, and active manipulation of organismic, task, and environmental constraints. 27 This is supported by concurrent aspects of this study, which examined self-reported function. While the postintervention self-reported function scores significantly increased, the FAAM-ADL and FAAM-Sport scores did not improve beyond the threshold for classifying these participants with CAI based on the Values are mean ± SD, P value for 1-way ANOVA, and minimal-detectable-change (MDC) scores. Italicized values in the Post-Intervention or 1-week Follow-up column indicate a change beyond the MDC score when compared with either the Baseline or Preintervention column. Table 4 inclusion criteria. 16 The lack of change in static postural control in this study supports the concept that the participants were not affected by the intervention to the point of moving beyond the threshold of having CAI. In previous investigations, TTB has improved after dynamic-balance training concurrently with improvements in self-reported function in which subjects improved beyond the minimum criteria to be classified with CAI. 21 In the case of this study, the intervention provided a purposeful but passive approach to manipulating organismic constraints experienced by those with CAI. However, a dynamic-balance training intervention that purposefully manipulated task and environmental constraints was able to enhance static postural control and improve self-reported function beyond the limits of CAI. 21 Therefore, exploring more active intervention strategies (balance or strength training) to use in conjunction with joint mobilization may provide the best approach for improving sensorimotor function and functional capacity in those with CAI. We hypothesized that posterior talar glide would increase after the joint-mobilization intervention. While significant increases in dorsiflexion ROM were identified after the joint-mobilization intervention, no changes were detected in any instrumented arthrometry measures. While it is possible the intervention did not alter talar glide, these results may be partially explained by recent studies 28,29 that identified only a weak relationship between weight-bearing measures of dorsiflexion ROM and non-weight-bearing measures of posterior talar displacement using the ankle arthrometer. Although the ankle arthrometer used in this study has detected changes in ankle stiffness after talocrural joint mobilization, 23 other strategies for examining ankle arthrokinematics such as the posterior talar-glide test may be warranted. The posterior talar-glide test has detected changes in talar glide after Mulligan's Mobilization-with-Movement and may provide a useful assessment technique for future studies. 30 Another possible explanation for the lack of significant changes in arthrokinematics is that talar mobility may have remained the same despite an overall change in talar positioning. Reducing the previously reported 10 anterior talar positional fault demonstrated by those with CAI may have improved the alignment of joint surfaces without changing arthrokinematics. This could be explored in future studies by examining changes in bony alignment and arthrokinematics using advanced imaging techniques. Overall, future studies should more closely examine ankle arthrokinematics after joint mobilization and explore other possible explanations for the changes in ankle function.
To further examine potential changes in postural control and ankle arthrometry after joint mobilization, we calculated MDC scores and the effect-size estimates for each measure. However, the 95% confidence intervals associated with all effect-size estimates crossed zero, indicating that a level of caution should be exercised when interpreting these results. Overall, these findings suggest that clinically meaningful changes may be present in some of these measures, but several additional subjects would be required to achieve statistical significance.
Limitation and Future Directions
This study was designed to investigate the isolated effects of joint mobilization on laboratory measures of function. We opted to use a single cohort of people with selfreported CAI to further explore how joint mobilization may influence instrumented measures of balance and ankle arthrokinematics. In lieu of a true control group, the 2 baseline testing days were used to identify the responsiveness of the dependent variables in this cohort and calculate the MDC. Based on the lack of statistical significance and the moderate effect sizes observed in a limited number of measures, certain comparisons were underpowered. However, we believe using the culmination of statistical significance, MDC, and effect size to interpret change after the intervention provided a systematic approach that enabled us to draw conclusions despite our sample size and better inform future study designs. It should be noted that the variability in the measures captured in this study was comparable to that in previous reports, 15, 21 and the MDC scores for most TTB and arthrometry variables were lower than previously reported. 15 Using the more conservative MDC values may provide a more accurate representation of the magnitude of change needed for meaningful improvements after the intervention.
Additional limitations of the study include the short follow-up period and the lack of blinding of investigators. The absence of change in the dependent variables indicates that, more than likely, changes would not be found after longer periods of time. Rather, a shorter time period from intervention to assessment may be needed to more fully understand the sensorimotor benefits of joint mobilizations in this population. As discussed previously, this intervention does appear to have acute effects on single-limb static postural control. 15 Therefore, coupling the results of the current study with previous findings would indicate that talocrural joint mobilization may be best used for providing immediate somatosensory stimulation that could enhance other rehabilitation modalities such as balance and strength training. Further describing the optimal time window, volume of treatment, and the mobilization technique to maximize sensorimotor-related effects could enhance the implications for integrating this treatment in clinical practice.
In conclusion, the 2-week joint-mobilization intervention did not alter instrumented measures of static single-limb-stance postural control or ankle arthrometry in those with CAI. Despite the absence of change in these measures, this evidence can be used to continue clarifying the role of joint mobilization as a rehabilitation strategy for individuals with CAI. The continued search to define the optimal approach to CAI rehabilitation strategies to maximize sensorimotor function along with mechanical and patient-oriented measures of function is warranted.
